Abstract Natural and human activities generate a significant amount of PM 2.5 (particles ≤2.5 μm in aerodynamic diameter) into the surrounding atmospheric environments. Because of their small size, they can remain suspended for a relatively longer time in the air than coarse particles and thus can travel long distances in the atmosphere. PM 2.5 is one of the key indicators of pollution and known to cause numerous types of respiratory and lung-related diseases. Due to poor implementation of regulations and a time lag in introducing the vehicle technology, levels of PM 2.5 in most Asian cities are much worse than those in European environments. Dedicated reviews on understanding the characteristics of PM 2.5 in Asian urban environments are currently missing but much needed. In order to fill the existing gaps in the literature, the aim of this review article is to describe dominating sources and their classification, followed by current status and health impact of PM 2.5 , in Asian countries. Further objectives include a critical synthesis of the topics such as secondary and tertiary aerosol formation, chemical composition, monitoring and modelling methods, source apportionment, emissions and exposure impacts. The review concludes with the synthesis of regulatory guidelines and future perspectives for PM 2.5 in Asian countries. A critical synthesis of literature suggests a lack of exposure and monitoring studies to inform personal exposure in the household and rural areas of Asian environments.
Introduction
Numerous pollutants are emitted from line, area and point sources to the atmosphere, and the extent of such emissions is larger in populated countries such as India and China (Tsigaridis et al. 2006; Kumar et al. , 2016 . Fine particulate matter, which is referred to as PM 2.5 (i.e. particles ≤2.5 μm in aerodynamic diameter), is considered as one of the most harmful air pollutants for human health (Liang et al, 2016; Zhang et al. 2011; Nel 2005; Watson 2002 ) and living organisms (Kim et al. 2015a, b; Kim et al. 2013; Brauer et al. 2012) . Particulate matter (PM) is a combination of complex organic substances (Goldstein and Galbally 2007) , therefore causing a variety of health effects (Heal et al. 2012) . These also play a significant role in changing the global climate through their unique radiative properties such as scattering of solar radiation and absorption of terrestrial radiation Lin et al. 2014; IPCC 2007; Grantz et al. 2003) . If the exposure time is longer, even low concentrations of PM have been found to cause major health concerns (Kim et al. 2015a, b; Dockery and Pope 1994) . Earlier studies have reported adverse health effects such as lung diseases, breathing problems, irregular heartbeat, eye irritation and other respiratory problems by exposure to PM 2.5 (Liang et al. 2016; Cadelis et al. 2014; Shah et al. 2013; Correia et al. 2013; Meister et al. 2012; Kumar et al. 2013) . Shah et al. (2013) reported over 2 million deaths globally due to damage of lungs and respiratory systems as a result of PM exposure, out of which~2 million deaths were attributed to PM 2.5 .
The composition of PM 2.5 is complex, and assessment of their overall toxicity is challenging to assess Zhu et al. 2016; Kan et al. 2012; Zhang et al. 2011) . The toxicity can vary depending on a number of factors such as the oxidative potential of the aerosol particles and different subcomponents such as hydrophobic and hydrophilic fractions . Therefore, chemical characterization of the organics needs to be carried out since this varies with source types; for example, a particular source type may be associated with a typical chemical signature of the organic PM 2.5 WHO 2013) . However, understanding of the exposure to organic PM 2.5 on human health is lacking but required for effective mitigation controls.
Previous literature also reported different applications such as chemical composition Ebisu et al. 2014; Ebisu and Bell 2012) , temporal analysis (Bell et al. 2007; Gomiscek et al. 2004) , monitoring (Tao et al. 2015; Park et al. 2014; Saini et al. 2014) , modelling methods (Pan et al. 2015; Zhong et al. 2015) , source apportionment Liang et al. 2013; Gugamsetty et al. 2012; Al-Dabbous and Kumar 2015) , size distribution analysis (Liang et al. 2013; Guo et al. 2004) , health impacts (Fann et al. 2012; Mar et al. 2005) , emission inventory techniques (Kurokawa et al. 2013; Reff et al. 2009; Nagpure et al. 2016) , secondary aerosol formation (Claeys et al. 2004; Cabada et al. 2004) , reduction techniques Wang et al. 2014) , particle dispersion , emissions ) and exposure assessment Hsieh and Liao 2013) of PM 2.5 .
All these previous research studies call for a holistic assessment of PM 2.5 in Asian city environments. Therefore, this work critically synthesises the published studies on PM 2.5 in Asian countries, including source area (urban or rural), monitoring and standards or guidelines. The aim of this article is to recognise the sources and recent trends in PM 2.5 emission and exposure levels, together with an assessment of the effects of PM 2.5 on human health due to degradation of air quality. We also discuss new approaches (i.e. intervention) in rural areas (which are defined, as per the Census of India (2011), as Ball areas other than the urban area are known as rural and the basic unit for rural areas is the revenue village^) of developing countries to minimise or control the PM 2.5 pollution along with the research gaps, future perspectives and emerging challenges for controlling PM 2.5 in Asian countries.
Authors have reviewed approximately 170 publications in English language journals only that reported health effects, exposure levels and chemical characterization on PM 2.5 both in the urban and rural regions. We have carried out computer searches of the literature and the following bibliographic databases in English: PubMed, Research Gate and Google Scholar. We have used the following keywords individually or in combination: PM 2.5 , air pollution, exposure, health effects and Asia.
Sources and classification of PM 2.5 PM 2.5 originates from different types of activities in rural (Ranabhat et al. 2015; Pope et al. 2015; Jiang and Bell 2008) , urban (Liang et al. 2016; Li et al. 2016; Varshney et al. 2016; Lin et al. 2015; Lin et al. 2014) , industrial ) and mining areas Gautam et al. 2016 , together with the other associated activities such as construction site and marine activities (Rodriguez et al. 2008) . These particles originate mainly from two types of sources: (i) primary emissions that come directly from the source and (ii) secondary emissions that come from the mixture of different chemicals such as sulphur dioxide (SO 2 ), oxide of nitrogen (NO x ), ammonia (NH 3 ) and polyaromatic compounds such as Benzo(alfa)pyrene present in the atmosphere (Atkinson et al. 2014; Smith 1987) . These sources are associated with mainly two types of activities: (i) anthropogenic activities such as use of solid fuel during cooking and heating, combustion of diesel and petrol in road vehicles and industries and construction machinery, along with activities such as mineral excavation, and (ii) natural activities such as volcanoes, open pit fires (e.g. forest fire), sea spray and dust storms Kumar 2015, 2014; Fountoukis et al. 2014; Volkamer et al. 2006; Wong et al. 2001) .
The composition of PM is a complex mixture of organic (e.g. VOC, POPs) and inorganic (e.g. sulphates (SO 4 ), chloride (Cl), potassium (K), calcium (Ca), nitrates (NO 3 )) compounds, metals (e.g. copper (Cu) and zinc (Zn)), water-soluble ions, polycyclic aromatic hydrocarbons, elemental carbon and crustal material (Tao et al. 2013) . Bozlaker et al. (2014) reported that elements such as barium (Ba), bromine (Br), nickel (Ni), chromium (Cr), sulphur (S), silicon (Si) and magnesium (Mg) could have higher composition than the other minerals in PM 2.5 . Given that different types of chemicals have been associated with a potential hazard such as lung cancer, birth defects, digestive effects and urinary effects (Boman et al. 2013; Boffetta et al. 1993; Kimbrough et al. 1977) , information on their chemical characterization is required. Analytical instruments such as aerosol mass spectrometer (AMS) or physicochemical characterization techniques such as X-ray diffraction (XRD), scanning electron microscopy-energy-dispersive spectroscopy (SEM-EDS), energy-dispersive X-ray fluorescence (EDXRF) and inductively coupled plasma-mass spectrometry (ICP-MS) are applied as a frequent practice in European environments. While some studies use such techniques, there are hardly many studies involving AMS for PM 2.5 composition and therefore those studies are needed in rural Asian environments to exhaustively assess the composition of PM 2.5 (Satsangi and Yadav 2014; Boman et al. 2013) . Figure 1 presents the holistic assessment of PM 2.5 studies on chemical composition in different Asian countries. The average concentration of PM 2.5 was found to vary in a broad range of 23-304 μg m −3
. An abundance of sulphate, organic matter, electronic carbon, nitrate, ammonia and chloride in PM 2.5 can be seen, besides some unidentified substances. Cooking and heating with solid fuel, dust storms and agricultural activities such as agricultural waste burning and vehicle movement are generally the main sources of PM 2.5 in rural Asian environments Balakrishnan et al. 2013; Smith 1987) . Most of the parts of Asian countries, especially Nepal and India, are heavily dependent on solid fuels for cooking and heating .
The levels of PM 2.5 differ in urban and rural areas because of different sources . For example, road traffic is a significant source of air pollution including PM 2.5 . These also emit carbon monoxide (CO), sulphur oxides (SOx), NOx and minerals containing Ca, K, Zn, Cu, aluminium (Al), lead (Pb) and cadmium (Cd), along with formation of secondary PM 2.5 (Li et al. 2016a; Canagaratna et al. 2015; Vela et al. 2015; Gurjar et al. 2004 ). On the other hand, use of solid fuel is a dominant factor behind the higher concentration of PM 2.5 in rural areas, besides other toxic emissions such as NOx, benzene (C 6 H 6 ), CO, S, polyaromatic compounds and benzo(alfa)pyrene (Pokhrel et al. 2015; Chakraborty et al. 2014; Smith 1987) .
The synthesis of past studies allows concluding that while numerous studies have reported classification and source of air pollutant in urban areas, quantitative assessments for the secondary aerosol formation and relationship between personal, household and ambient air pollution in rural Asian environment are still needed.
PM 2.5 concentrations in Asian countries
Transportation (vehicular movement), industries (manufacturing plants and mining), cooking and heating Gu et al. 2014 (Jinan) , Geng et al. 2013 (Zhengzhou) and Wu et al. 2014 (Beijing) with solid fuel are the main contributing activities to PM 2.5 concentrations in Asian countries. Figure 2 shows the summary of past literature showing the levels of PM 2.5 in Asian countries. The 24-hourly averaged concentrations of PM 2.5 varied from 27 to 1420 μg m −3 (Fig. 2) . PM 2.5 concentrations were reported by different studies to follow a similar trend in Asian countries, which was Tibet > Nepal > India > Myanmar > Bangladesh > Pakistan > China > Thailand > Singapore. All the PM 2.5 concentration values reported from different Asian countries are much higher than the recommended WHO limits of 10 and 25 μg m −3 for annual and 24-h concentrations respectively for PM 2.5 (Fig. 2) . The main reason behind the higher concentration is cooking and heating with solid fuel and vehicular movement. The majority of Asian countries are still using solid fuel for daily needs for cooking and heating, and the percentage of exposure to PM 2.5 is reported to be higher in rural areas than in urban areas (World Bank 2015). Therefore, interventions in terms of fuel type and stove design are needed to reduce the pollution and exposure to PM 2.5 on human health in rural areas of Asian environments. This suggests a need to disseminate the information of adverse health effects to the rural population in order to limit respiratory and lung diseases associated with their exposure.
Regulatory guidelines for PM 2.5 and their exceedances
It is well accepted that the basic requirement of humans and other living organisms is to breathe clean air. Many countries have their own standards for air quality to protect the humans and other living organisms. ) of PM 2.5 in most Asian cities. The average annual exposure level in 13 countries, out of a total of 14 (Table 1) , were found to exceed the air quality guidelines (10 μg m −3 ) annual mean value that is given by the WHO (2005). Table 2 shows the standards and regulations of different Asian countries with USEPA, EU and WHO. However, these specific limits should be reviewed in every 2 years to confirm that these limits are suitable and satisfy the human health and related welfare.
The status of air pollutants in Asian countries is well known in the world. Earlier studies have reported that the concentration of PM 2.5 was observed to be always two to three times higher than the national standards of particular countries Cheng et al. 2013) .
For example, the annual PM 2.5 concentrations of different locations in Asian countries such as Karachi, New Delhi, Dhaka, 74 cities of China, Kathmandu, Colombo, Chiang The exceedances of PM 2.5 concentrations in Asian urban environments can be seen frequently (see BPM 2.5 concentrations in Asian countries^section), and therefore, the extent of health effects is also increasing due to increment in PM 2.5 . Currently, the environmental quality standard regarding PM 2.5 in Asian environments is only based on their mass concentrations (Ferguson et al. 2013 ). However, these specific limits should be revisited in the future, given that PM 2.5 types and sizes govern the actual harmfulness.
On the other hand, China has succeeded to minimise the emissions from the anthropogenic activities. For example, China has expanded its monitoring network for PM 2.5 to about 367 cities (MEPPRC 2015) . China has 1436 monitoring stations to monitor PM 2.5 compared with 1500 monitoring stations in the USA (USEPA 2014). Moreover, China launched a number of free mobile APPs, other online websites, ban of a diesel vehicle and restriction of private vehicles and promoted updated bus service for public transport and use of cleaner fuel such as liquid petroleum gas (LPG) and electric heater for the public awareness about the real-time monitoring and control on the data of PM 2.5 . Similar initiatives are needed for Asian cities especially for India, Pakistan, Bangladesh, Tibet and Myanmar, to reduce or control the concentrations under national or international standards. For the improvement of ambient air quality and to minimise the impact of PM 2.5 , the foundation of regulatory controls in Asian countries requires revision for better integration of PM 2.5 and related human health strategies.
Health effects of PM 2.5 Table 3 shows the summary of health impacts due to increased PM 2.5 concentrations in Asian countries. Many studies have reported the adverse effect of inhaled ambient PM 2.5 on health in Asian countries (Salvi et al. 2016; Liang et al. 2013 ). Exposure to PM 2.5 has been associated with the development of respiratory diseases Esworthy 2013) , increased hospital admission due to lung diseases (Wong et al. 2002) , nervous system like memory disturbance, sleep disorders, blurred vision (Kampa and Castanas 2008), illness (Bode et al. 2016 ) and other diseases such as nephrocalcinosis and renal cancer (McGuinn et al. 2016; Hung et al. 2012 ). Epidemiological studies have indicated an association of mortality and morbidity with the increased level of PM 2.5 (Wong et al. 2002 (Wong et al. , 2001 ). Wong et al. (2016) showed that PM 2.5 is linked with an 80 % increased risk of mortality from breast cancer for women and a 36 % increased risk of dying from lung cancer for men. Studies have also observed that heart disease, hypertensive heart disease and lung diseases occur due to PM 2.5 (Pope et al. 2002) . Some studies have also reported stronger adverse effects on low birth weight (LBW) due to a higher level of PM 2.5 (Dadvand et al. 2013; Van Donkelaar et al. 2010) . Van Donkelaar et al. (2010) reported simultaneous exposure to PM 2.5 and effect on LBW in two different countries (India and China). Therefore, quantification/documentation of PM 2.5 gives a comprehensive understanding of the exposure of PM (size and chemical composition) on the respiratory system. Hu and Jiang (2014) reported that PM 2.5 inhalation is the key factor responsible for different types of lung diseases. Atkinson et al. (2014) found that the increase in rate in lung cancer and other similar diseases increase mortality and morbidity in humans. Several studies have reported associations of acute and chronic health effects of PM exposure in developed countries, but such studies lack in developing countries and are therefore highly needed (Dockery and Pope 1994; Dockery et al. 1993) . Recent studies reported that health effects are usually higher in women and children than in men (Table 3 ). The quantitative assessment of exposure to PM 2.5 in both rural and urban areas, especially for women who are exposed to high concentrations during cooking, is missing for Asian environments, and further research is clearly needed in this direction.
Summary, conclusions and future outlook
The article shows the recent progress in observations, sources, classification and regulations of PM 2.5 in Asian environments and covered the literature from 2010 to 2016. Several studies were conducted on monitoring the temporal and spatial variations of PM 2.5 in different places in the world, and it has been observed that PM 2.5 concentrations in Asian environments are much higher than those of the rest of the world. Measurement according to source, mass and formation is of great research interest and will get more focus in the future research. Currently, PM 2.5 is being monitored worldwide due to their significant impact on living organisms, visibility and climate and deposition in the deeper part of the respiratory systems. Despite similar monitoring in Asian countries, the availability of PM 2.5 data for holistic exposure assessment is still sparse.
There is emerging evidence that the small particles penetrate the deeper part of the lungs than coarse particles Leung and Cheung 1999; ). This which were observed in the low-and high-pollution areas respectively. Systolic and diastolic blood pressures were significantly higher in children living in the high-pollution area (115.9/70.9 mmHg) than in the low-pollution area (108.3/66.4 mmHg). Sughis et al. (2012) knowledge is also important to design emission and exposure control strategies for PM 2.5 in Asian environments. Therefore, there is a need to develop exposure-response functions, together with toxicological and epidemiological evidence in Asian countries Brunekreef and Holgate 2002) . The increased level of PM 2.5 in Asian countries (especially in India, China, Pakistan and Bangladesh) is becoming a major concern with population growth. Moreover, the south Asian part of the world indicated the highest regional concentration of ambient PM 2.5 from household cooking and heating (8.6 μg m −3
; Chafe et al. 2014) . Some interventions such as fuel type and stove design or emerging technologies (electric heater) are recommended to be used instead of solid fuel for household activities. On March 27, 2015, the Indian government launched the BGiveItUp^movement, which appeals to all Indian residents, who are able to give up their LPG subsidy whereby families below the poverty level will be able to take an LPG connection. This movement will help to improve the air quality and minimise its health impacts on women and children of poor families who are directly or indirectly associated with health problems caused by solid fuel burning in rural households.
Currently, the environmental quality standard regarding PM 2.5 in Asian environments is only based on their mass concentrations. However, these specific limits should be revisited in the future given that particle types and sizes govern the actual harmfulness of the PM. Because of a huge demand for solid fuel in rural environments for cooking and heating, chemical characterization of PM 2.5 is important for understanding its unknown properties. Additionally, due to a sudden population growth, increase in the number of solid fuel consumption, a large number of private vehicle movement or transportation and direct exposure to PM 2.5 during household activities, the risk of exposure to PM 2.5 in Asian environments is increasing.
In Asia, most of the research is based on PM 10 or coarse particles (PM 2.5-10 ), but limited information is available for PM 2.5 , PM 1 or PM 0.1 . Future studies should focus on the understanding and quantification of PM 2.5 in rural areas of Asian environments. Similarly, time of exposure should be calculated to understand the exposure of PM 2.5 to women and children from different activities to make exposure level clear according to fuel and food types. Thus, a future research on PM 2.5 needs to focus on intervention, identification and quantification of the particles with different compositions at ambient as well as personal levels to limit the adverse health effects on living organisms.
